Although the association between maternal smoking and low birthweight infants has been well established, the mechanisms behind reduced fetal growth are still being elucidated. While many infants are exposed to tobacco smoke in utero, not all are born growth restricted or small for gestational age. Many hypotheses have emerged to explain the differential response to in utero maternal tobacco smoke exposure (MTSE). Studies have shown that both maternal and fetal genotypes may contribute to the discrepant outcomes. However, the contribution of epigenetic changes cannot be ignored. In this review we address two important questions regarding the effect of MTSE on the fetal epigenome. First, does exposure to maternal tobacco smoke in utero alter the fetal epigenome? Secondly, could these alterations be associated with the reduced fetal growth observed with MTSE?
Tobacco use modifies pregnancy outcomes
Despite the myriad public health warnings describing the harmful effects of tobacco smoke exposure, as many as 20% of all women smoke during pregnancy (Gergen et al., 1998) . Smoking while pregnant results in a higher risk of perinatal and obstetric complications such as preterm birth and impaired lung function of the developing fetus (Hofhuis et al., 2003; Suter et al., 2010a, b) . The association between MTSE and restricted fetal growth has been well studied since Simpson's seminal report on smoking and prematurity in 1957 (Simpson, 1957) . Birthweight is significantly less and the prevalence of SGA infants is significantly greater in tobacco-exposed infants (Aagaard-Tillery et al., 2008a, b) . The effect of smoke exposure appears to be dose dependent, as there is an observed reduction in infant birthweight in women who smoke .10 cigarettes per day compared with all smokers (Voigt et al., 2009a, b) . Furthermore, the outcome is more favorable in women who quit smoking while pregnant compared with those who continue to smoke throughout gestation (Nordstrom and Cnattingius, 1994) .
Many hypothesized mechanisms have been proposed to contribute to reduced fetal growth with MTSE (Suter et al., 2010a, b) . Chronic fetal hypoxia is potentially a main contributor to IUGR with MTSE. Carbon monoxide is a component of tobacco smoke which forms carboxyhemoglobin in the fetus (Rogers, 2009) . Carbon monoxide exposure during pregnancy has been repeatedly associated with adverse pregnancy outcomes including reduced birthweight (Wilhelm and Ritz, 2005; Liu et al., 2007) . Another hypothesis is that nicotine, a principle metabolite found in tobacco smoke, is associated with the constriction of placental blood vessels and increased apoptosis of placental syncytiotrophoblasts (Voigt et al., 2009a, b) .
While many fetuses experience MTSE in utero, not all are born growth restricted or SGA. Mechanisms behind this differing susceptibility to MTSE and IUGR are beginning to be explored. It has been known for decades that specific genetic polymorphisms are associated with a differing susceptibility to cancer. However, more recent research implicates epigenetic modifications with cancer susceptibility. Similarly, the potential for genetic polymorphisms to contribute to IUGR has become the focus of many studies. However, if genetic polymorphisms contribute to IUGR susceptibility, the contribution of epigenetic modifications may be similarly important. Such modifications can alter the expression patterns of genes which ultimately work in concert to influence fetal growth.
Genetic polymorphisms associated with restricted fetal growth
Over 4000 compounds have been reported in tobacco smoke (Brunnemann and Hoffmann, 1991 ) and many of these compounds are water soluble with a small molecular weight, allowing them to easily cross the placenta (Jauniaux and Burton, 2007) . The genes which respond to and metabolize xenobiotic compounds help the body process these carcinogenic and teratogenic compounds found in tobacco smoke. Polymorphisms within the genes which metabolize the polycyclic aromatic hydrocarbons (PAHs) and nicotine alter an individuals' susceptibility to cancer (Bartsch et al., 2000; Roos and Bolt, 2005) . PAHs are metabolized in a two-step process (Shimada, 2006) . Phase I enzymes recognize the PAH and transform it into a reactive intermediate. The intermediate is processed by the Phase II enzymes to produce an excretable metabolite.
When a xenobiotic enters the cell it is recognized by the aryl hydrocarbon receptor (AhR). Upon binding the xenobiotic, AhR couples with the aryl hydrocarbon receptor nuclear translocator protein (ARNT), binds to genes with a xenobiotic response element (XRE) within the promoter and initiates expression of the Phase I and II genes necessary for processing the compound (Kohle and Bock, 2007) . A wild-type (WT) maternal AhR genotype, compared with a polymorphism in AhR (an arginine (Arg) to lysine (Lys) substitution at codon 554 (G/A) in exon 10), is associated with a reduced birthweight and length (Sasaki et al., 2006) .
The most extensively studied gene polymorphisms associated with maternal tobacco smoke exposure and fetal growth are the Phase I enzyme, CYP1A1 and the Phase II enzyme GSTT1. The CYP1A1 gene has a well-characterized polymorphism in the 3 ′ non-coding region, which gives rise to an MspI restriction site (Kawajiri et al., 1990) . This polymorphism has been highly studied for its association with lung cancer risk (Hayashi et al., 1991; Anttila et al., 1994; Sugimura et al., 1994) . Interestingly, it is also implicated in growth restriction with maternal smoking. If the maternal genotype is homozygous for the MspI polymorphism (aa), the average reduction in birthweight is 520 g with MTSE, compared with mothers who are homozygous for the WT allele (AA), which have a 252 g reduction in birthweight (Wang et al., 2002) . Further studies of the maternal CYP1A1 and GSTT1 genotypes have concluded that these polymorphisms influence infant birthweight with MTSE (Nukui et al., 2004; Tsai et al., 2008; Delpisheh et al., 2009) . While most studies have focused on the maternal genotype, we have shown that fetal genotype is also associated with reduced fetal weight with MTSE (Aagaard-Tillery et al., 2010). Offspring with a homozygous deletion at the GSTT1 locus (null phenotype) showed a reduced mean birthweight of 262 g compared with fetuses that had the GSTT1 allele in MTSE newborns.
Epigenetic changes with environmental influence
Because polymorphisms are associated with reduced birthweight, it stands to reason that epigenetic changes may also contribute to a growth restricted phenotype. Unlike our genome, the 'epigenome' is modifiable by the environment. These epigenetic changes, such as DNA methylation, or alterations in the histone code, can alter the patterns of gene expression (Jenuwein and Allis, 2001; Choudhuri et al., 2010) . The study of epigenetics and perinatal health is becoming increasingly important. In animal models, it is demonstrated that various changes within the in utero milleu can lead to adverse outcomes in the offspring. Many of these in utero exposure models have also shown that these adverse experiences are associated epigenetic changes as well. For example, in utero exposure to a high fat diet is associated with fetal non-alcoholic fatty liver in a non-human primate model (McCurdy et al., 2009 ). In these same animals, the fetal hepatic epigenome is altered (Aagaard-Tillery et al., 2008a, b; Suter et al., 2011a, b) . Because it is known that the fetal epigenome can respond to and be altered by different environmental exposures, the questions must be asked, how does exposure to maternal tobacco smoke in utero alter the fetal epigenome and what impact does this have on susceptibility to fetal growth restriction?
Exposure to tobacco smoke in adults has been associated with changes in DNA methylation. Gene specific changes in promoter methylation were reported in induced sputum from smokers with either chronic obstructive pulmonary disease or lung cancer compared with non-smoking healthy controls (Guzman et al., 2012) . Studies have shown gene-specific altered methylation in adenocarcinoma (Kim et al., 2004; Liu et al., 2006) , (Tessema et al., 2009 ). Furthermore, tobacco smoke exposure is associated with aberrant DNA methylation patterns in prostate, gastric and colorectal tumors (Cortessis et al., 2012) .
Reduced birthweight in the absence of MTSE has been associated with changes in DNA methylation. Methylation status of both coding and non-coding regions of the genome from cord blood is associated with low birthweight (Fryer et al., 2009; Fryer et al., 2011) . Gene specific changes in methylation have also been reported in human placenta from SGA infants (Ferreira et al., 2011; Filiberto et al., 2011) . Factors which contribute to reduced birthweight, such as maternal stress and depression, have also been associated with gene-specific promoter methylation patterns (Liu et al., 2012; Mulligan et al., 2012) . If both tobacco smoke exposure and reduced birthweight are associated with DNA methylation changes, it is necessary to study how MTSE can contribute to an altered fetal epigenome.
Epigenetics and MTSE
'Does MTSE alter the fetal epigenome?' While respiratory epithelia exposed directly to tobacco smoke show epigenomic alterations (Liu et al., 2010) , the question remains if indirect tobacco smoke exposure (i.e. through maternal bloodstream and through the placenta) could alter the epigenome. Because the epigenome varies between different cell types and tissues, it is important to consider which tissue is being studied when comparing environmental exposures and epigenetic changes (Suter and Aagaard, 2012) . Studies from the placenta, cord blood, buccal cells and peripheral blood indicate that in utero MTSE is associated with alterations in DNA methylation (summarized in Table I ).
Tobacco smoke exposure was shown to be associated with changes in the methylation of the CYP1A1 promoter in the lungs of smokers compared with non-smokers (Anttila et al., 2003) . Furthermore, methylation within this promoter was dose dependent, increasing days after quitting smoking. Because of this data, we interrogated the methylation status of the CYP1A1 promoter in the placentas of smokers and non-smokers and found that this promoter is significantly hypomethylated in smokers (Suter et al., 2010a, b) . Interestingly, methylation in this promoter surrounding a critical xenobiotic response element is inversely correlated with the expression of the CYP1A1 gene.
We wanted to further interrogate the correlation between methylation and gene expression on a genome-wide scale to see if other genes were similarly altered in the placentas of smokers. Utilizing the genome-wide Illumina bead arrays, we analyzed the CpG methylation and gene expression of placentas from smokers and nonsmokers (Suter et al., 2011a, b) . We found significant methylation changes at 1024 individual CpGs. When correlating the methylation of specific CpG sites and expression of their associated genes, only 13 genes showed a correlation when analyzing the total cohort together. When only non-smokers were included in the analysis, 25 genes showed a significant correlation. However, 438 genes revealed a significant correlation between methylation and gene expression when only smokers were included in the analysis. Using Ingenuity Pathway Analysis to investigate the potential functions and mechanisms of the 438 genes from the smoking cohort, we found that this gene list is enriched for genes involved in oxidative phosphorylation, mitochondrial dysfunction and the cells' response to hypoxia (Fig. 1) .
Another study using the placenta interrogated the methylation status of the repeat regions of the genome (Wilhelm-Benartzi et al., 2012) . They found that both tobacco smoke and alcohol exposure were associated with differential methylation of repeat regions. MTSE is associated with a decrease in methylation levels at the AluYb8 repeats. A similar decrease was not seen with alcohol exposure. However, alcohol exposure was associated with changes in LINE-1 methylation, a region which did not change with MTSE. It is possible that specific regions of the genome are more susceptible to various exposures than others.
Another readily available sample used to test DNA methylation and that can give good insight into the in utero experience is cord blood. Guerrero-Preston et al. (2010) asked the question if DNA methylation levels in fetal cord blood could be used as a biomarker for in utero exposure to tobacco smoke. They set out to correlate genome-wide methylation levels using an ELISA kit, and correlate the data with cord blood cotinine levels, a metabolite of nicotine and an indicator of tobacco smoke exposure. They reported that global DNA methylation inversely correlates with cotinine levels; global DNA methylation was lowest in the cord blood of mothers who smoked (higher cotinine) and methylation was highest in the non-smoking mothers.
Using cord blood to decipher site-specific changes in CpG methylation, Joubert et al. (2012) subjected DNA isolated from cord blood to the Infinium HumanMethylation450 BeadChip. This array measures the methylation status of over 450 000 individual CpG sites throughout the genome. Methylation levels were correlated with maternal cotinine levels. They determined that 26 individual CpGs associated with six genes, including CYP1A1 are altered by virtue of maternal smoking. While studies of the placenta and cord blood give an indication of epigenetic changes experienced in utero, the question remains if this in utero exposure persists into childhood and adulthood. Three recent studies have shown differences in Figure 1 Potential epigenetic mechanisms leading to fetal growth restriction in smokers. We have found that in placenta the oxidative damage, hypoxia and mitochondrial dysfunction pathways are altered with maternal smoking. Representative genes which were modified are listed underneath each pathway. These pathways interact and could potentially influence fetal growth leading to IUGR.
Maternal smoking and epigenetic changes DNA methylation in children and adults associated with MTSE. Using buccal cells from children in kindergarten and first grade, it has been reported that DNA methylation of the AluYb8 repeat is decreased, while methylation within the site-specific AXL gene is slightly increased (Breton et al., 2009; Breton et al., 2011) . In a study of DNA methylation in peripheral blood granulocytes from adult women (mean age was 43 years), there was a difference in the DNA methylation of Sat2 repeats between those exposed to MTS and those who were not (Flom et al., 2011) . Not only are there apparent changes in the DNA methylation in the placenta and cord blood from MTSE, it appears that an epigenetic memory of this exposure can still be identified in childhood and adulthood. The importance of this 'epigenetic memory' remains to be discovered.
'Could epigenetic changes associated with MTSE influence fetal growth?' The idea that genetic polymorphisms can influence infant phenotype with respect to MTSE is not novel. Potential epigenetic changes in response to MTSE may further increase the susceptibility to growth restriction; however, such research itself is still in its infancy. While others have reported that polymorphisms in the CYP1A1 gene may influence fetal growth, we have shown that this gene is amenable to epigenetic alterations with MTSE. This could be a potential mechanism behind growth restriction without a subsequent change in the genome.
Other studies have focused on the differentially methylated region (DMR) of the insulin-like growth factor 2 (IGF2) gene. IGF2 is an imprinted gene, expressed from the paternal allele and repressed from the maternal allele (Biliya and Bulla, 2010) . Adult individuals who were exposed in utero to the Dutch famine have decreased methylation in this region in peripheral blood cells 60 years after exposure (Heijmans et al., 2008; Tobi et al., 2012) . This region of the genome is a model for an epigenetically regulated genomic region whose methylation is sensitive to environmental exposures. Studies of this region with MTSE have not been conclusive. Two studies have reported that MTSE is associated with an increase in methylation in cord blood of the DMR which regulates IGF2 expression (Soubry et al., 2011; Murphy et al., 2012) . However, another group reported no significant changes in methylation in this region (Tobi et al., 2011) .
While current studies are far from determining the exact molecular mechanisms behind fetal growth restriction with MTSE, determining the contribution of epigenetics to this phenotype is an exciting new field, and likely an important yet understudied piece of the puzzle. While it is likely that tobacco smoke exposure can alter the fetal epigenome, we still do not know how the epigenome is influencing the phenotype of growth restriction. Current data suggest that there are many different regions of the genome, which are susceptible to environmental exposures, and these regions provide a good reference point as we start to map these fetal epigenomic changes. Only then can we discern the contribution of MTSE to the fetal epigenome and the differing susceptibility to growth restriction.
